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The electrocatalytic reduction of carbon dioxide (CO2) on AueAg bimetallic alloy nanoparticles was
scrutinized. This system provides a good model to investigate the correlation between the electro-
catalytic activity and the composition of the nanoparticles. The CO Faradaic efﬁciency (and thus the
forming CO:H2 ratio) was changed linearly by controlling the Au:Ag ratio in the alloy. This trend was
attributed to the changes in the electronic properties, as there was a monotonous shift in the Fermi level
away from the vacuum level with increasing Au content. This shift correspondingly reduces the binding
energy of the intermediates (*COOH and *CO), resulting in the gradually enhanced CO2-reduction ac-
tivity. Finally, comparison of the catalytic activity of Ag@Au coreeshell particles to that of pure Ag (which
bears similar electronic properties), and to AueAg alloy nanoparticles (with similar bulk composition),
emphasized the importance of both geometric and electronic effects on the CO2 reduction activity.
© 2019 Elsevier Ltd. All rights reserved.1. Introduction
CO2 electroreduction is a promising route towards the storage
and utilization of renewable energy sources, while mitigating the
effects of CO2 emissions [1]. Developing efﬁcient and selective
catalysts with long-term stability is a crucial step towards the
industrialization of the electrochemical reduction of CO2 to valu-
able chemicals [2e4]. The CO2 reduction reaction (CO2RR) in
aqueous electrolytes is rather complex and bears considerable ki-
netic barriers, compared to the competing hydrogen evolution re-
action (HER) [5,6]. Therefore, several transition metals have been
examined as electrocatalysts for the CO2RR. The ﬁrst step is
generally considered to be the reduction of CO2 to CO via the
transfer of two electrons and two protons, and then the formation
of a number of different products is possible depending on the
binding energy of *CO to the metal surfaces [1,7]. Copper has a
unique intermediate *CO binding energy, and produces products
ranging from hydrocarbons to alcohols [8,9]. Some non-precioustoelectrochemistry Research
ky).metals, such as Pb and Sn, have shown interesting properties in
CO2 reduction to formic acid. This selectivity was attributed to the
oxide layer which is stable under reduction potentials [10]. Among
the explored metals, Au [11] and Ag [12] are the most stable and
active surfaces for selective reduction of CO2 to CO. From an eco-
nomic prospective, CO is one of the most attractive products
because syngas is used as a direct feedstock in the FischereTropsch
synthesis of high-value chemicals and fuels [13,14]. Therefore,
various gold and silver-based nanostructures have been synthe-
sized and investigated as electrocatalysts for CO2RR, aiming to
understand the inﬂuence of surface chemistry [11,15e17],
morphology [18e20] and alloying [21e24] on the catalytic
performance.
Synthesis of bimetallic nanoparticles (NPs) have attracted a
signiﬁcant attention as a promising platform to tailor the above
properties, potentially resulting catalysts, which outperform their
monometallic counterparts. Based on geometric and chemical
considerations, different types of bimetallic catalysts can be envi-
sioned: alloys, new bimetallic phases, coreeshell structures, Janus
particles, etc. The activity of alloyed NPs can be explained in terms
of the electronic and geometric effects [25,26]. The electronic effect
is tailored by the composition and inﬂuences the binding energy of
intermediates as well as the reducing power of the catalyst. In
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adsorbed species determines the binding strength. The geometric
effect stems from the atomic arrangement at the active site, which
also plays a signiﬁcant role in the interaction between adsorbed
species and the surface atoms [5,27]
There are ample examples in the literature on using bimetallic
electrocatalysts in CO2RR. For the sake of brevity, here we mention
only examples where one of the metals is either Au or Ag. In the
case of alloyed AueCu NPs, the addition of copper atoms into gold
structure resulted in the appearance of new products and a
volcano-shape CO-formation activity with a peak for the Au3Cu
catalyst. This trend was attributed to the stabilization of *COOH, the
key intermediate of CO formation [5]. In another study, Cu@Au
coreeshell NPs showed shell-thickness-dependent product distri-
bution. On cubic gold NPs with 7e8 layers of copper, higher
selectivity was observed for ethylene formation, while with more
than 14 layers of copper, the particles became more selective to-
wards the production of methane [22]. The atomic arrangement
modes also played an important role in the catalytic performance of
AueCu NPs. Atomically ordered AuCu NPs selectively reduced CO2
to CO achieving FE of 80%, whereas disordered AuCu NPs favored
the HER, which was assigned to the formation of compressively
strained three-atomic gold layers over the bimetallic core [23].
Au3Cu nanocubes with Cu vacancies showed a considerably lower
overpotential compared to Au3Cu alloy and Au NPs, because deal-
loying tuned the *COOH/*CO binding strength and the selectivity
towards CO production [28]
AgeSn NPs, having a bimetallic core and a thin partial oxide
shell with tunable thickness (AgSn/SnOx) exhibited a volcano-type
curve between FEformate and bulk tin concentration [29]. AgeCu
dendritic catalysts were synthesized by electrodeposition and
tested in electrochemical CO2RR. Pure Ag had the highest FECO at
more negative potentials (1.7 V vs SCE), but a two-time increase in
the Ag mass activity was achieved in the case of Ag57Cu43 [30]. A
series of NPs, ranging from Ag core, Cu decorated Ag, to Cu@Ag
coreeshell were prepared by controlling the growth time to obtain
structureeactivity correlations. A CO volcano curve was observed
for incorporation of Cu as a secondary metal, reaching the peak FE
of 82%, which is higher than those of pristine Cu (8%) and Ag (72%)
[31]. AueAg bimetallic NPs with well-deﬁned morphology and
composition were prepared, and the effect on surface plasmon-
induced activation of Au/Ag alloy was studied for CO2RR [32]
Although the above examples demonstrate the promise of
bimetallic electrocatalysts in CO2RR, the systematic investigation of
alloying on the CO2 reduction performance, is still lacking. Here, we
report on the electrocatalytic reduction of CO2 on AueAg nano-
particulate alloys with well-deﬁned compositions. Importantly, no
new intermetallic phase is formed, therefore these bimetallic alloys
provide an appropriate model for investigating how the surface
electronic properties affect catalytic activity and product distribu-
tion. Furthermore, the behavior of Ag@Au core shell particles are
also compared to study the role of the surface properties.
2. Experimental
2.1. Materials
The synthesis of gold, silver and bimetallic NPs required the
following compounds: gold (III) chloride trihydrate (99.9%,
Aldrich), silver nitrate (99.9%, Molar), sodium citrate dihydrate
(99%, Aldrich), sodium citrate monobasic anhydrous (99.5%, Fluka),
tannic acid (ACS reagent, Aldrich) and sodium borohydride (99%,
Fluka). All reagents were used without further puriﬁcation. MilliQ-
ultra pure water was applied throughout the study. All glassware
was cleaned with aqua regia.2.2. Synthesis of AueAg alloy nanoparticles
AueAg NPs with different compositions (i.e., Au80Ag20,
Au60Ag40, Au40Ag60 and Au20Ag80) were synthesized by varying the
initial Au:Ag molar ratio [33]. In a typical preparation, HAuCl4 so-
lution (120 mL, 0.05M) was diluted to 10mL in the presence of
0.01mmol sodium citrate and heated to boil. In another vial, 10mL
of AgNO3 solutionwith the same concentration and containing also
0.01mmol sodium citratewas brought to boil. When both solutions
boiled, the appropriate volumes were mixed and tempered for
20min. Then, the dispersion cooled down to room temperature
under stirring.
2.3. Synthesis of Ag@Au coreeshell nanoparticles
Au NPs with an average size of 15 nm, which act as the core,
were synthesized by the reduction of 10mL (1 mM) of a boiling
aqueous solution of HAuCl4 with 1mL of 0.04M trisodium citrate.
The solution was boiling under continuous stirring for 10min.
Subsequently, it cooled down to room temperature [34]. The Ag
shell grew in the next step. An aliquot of 2.5mL of pre-synthesized
Au NPs was diluted by adding 8mL of ultrapure water. Then the
solution was brought to boil and 1mL of 100mM trisodium citrate
was added at vigorous stirring. Finally, 2mL of 5mM silver nitrate
was added dropwise, while the solution was kept boiling for
10min. The AueAg coreeshell NPs solution was cooled and stored
at room temperature. By adjusting the amount of Ag precursor, the
growth of the Ag shell over Au core was tuned.
2.4. Morphological and structural characterizations
Powder X-ray diffraction (XRD) measurements were conducted
on a Bruker D8 X-ray diffractometer using Cu Ka (l¼ 1.5418 Å)
radiation in the 2-theta range of 10e80, with a scan rate of 2
min1, to identify the phase and crystal structure. Transmission
electronmicroscopy (TEM) imageswere collected using a FEI Tecnai
G2 20 X-Twin type instrument, working at an accelerating voltage
of 200 kV. The bulk composition was analyzed by a Hitachi S-4700
ﬁeld emission scanning electron microscope equipped with Energy
Dispersive X-ray spectroscopy (EDX). UVevis absorption spectra
were recorded using Agilent 8453 UVeVis spectrophotometer.
Ambient pressure UV-photoelectron spectroscopy (APS) measure-
ments were conducted to determine the work function (WF) of the
samples, using a KP Technology APS04 instrument (see the Sup-
porting Information (SI) for details).
2.5. Electrochemical characterization and product analysis
A Metrohm Autolab PGSTAT204 type potentiostat/galvanostat
was used for all electrochemical experiments that were carried out
in a gas-tight three-electrode two-compartment electrochemical
cell. In this cell, a Naﬁon-117 proton exchange membrane was
employed as the compartment separator. A platinum foil was used
as a counter electrode and Ag/AgCl (3M NaCl) served as a reference
electrode. The measured potentials were converted to the revers-
ible hydrogen electrode (RHE) reference scale using the formula
ERHE¼ EAg/AgCl þ 0.210 V þ 0.0591  pH. All currents were
normalized to the geometric surface area of the electrodes. Elec-
trocatalytic reduction of CO2 was conducted in CO2-saturated 0.1M
NaHCO3 solution. The cathode compartment contained 35 cm3 of
electrolyte with 25 cm3 headspace. Before electrolysis, the elec-
trolyte was purged with CO2 gas for 30min. The electrolyte in the
cathode compartment was continuously stirred. During chro-
noamperometry measurements, efﬂuent gas from the headspace of
the cathodic compartment was fed into the online sampling loop of
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phase products. The GC (SHIMADZU, GC-2010 plus) was equipped
with a barrier discharge ionization detector and a ShinCarbon ST
column. Helium (99.999%) was applied as the carrier gas. Liquid
product was collected at the same time and analyzed using a Bruker
Avance Neo 500 NMR spectrometer. The liquid sample was mixed
with phenol and DMSO as internal standard. The 1H spectrum was
measured using a solvent pre-saturation method to suppress the
water peak. The area ratio of the formic acid peak to the phenol
peak was compared to the standard curve to quantify the formate
concentration. FE values were calculated from the amount of
charge passed to produce each product divided by the total charge
passed.2.6. Electrode preparation
The obtained dispersionwas concentrated by centrifugation and
further redispersed in 2mL of Milli-Q-water. This solution was
drop-casted to a preheated (80 C) glassy carbon. Linear sweep
voltammetric curves were recorded with different loadings be-
tween 0.25 and 0.65mg cm2. The current density reached its
maximumvalue around the loading of 0.53mg cm2 in case of each
sample (see an example in Fig. S5). This loading was employed in all
experiments presented here. The obtained Ag layer was subjected
to heat treatment in Ar atmosphere at 250 C to get rid of the tannic
acid.Table 1
Bulk composition of AueAg bimetallic NPs as determined by EDX analysis.
Sample Bulk composition (atomic %)
Au Ag
Au80Ag20 81.8± 0.60 18.2± 0.60
Au60Ag40 59.4± 1.00 40.6± 1.00
Au40Ag60 40.0± 1.30 60.0± 1.30
Au20Ag80 21.3± 0.87 78.7± 0.87
Ag@Au core-shell 19.9± 0.70 80.1± 0.733. Results and discussion
The morphology of the AueAg NPs and their monometallic
counterparts was characterized by TEM. Monometallic Au and Ag
NPs are spherical with an average diameter of 22.5 ± 2.2 and
25.8± 3.1 nm, respectively (Fig. S1). Fig. 1A is a representative TEM
image of Au80Ag20 NPs, where all particles are spherical. The
average size increased from 24.5± 1.8 to 26.6± 2.4, 31.5± 1.3, and
32.1± 3.8 nm, in the series of the samples, as the amount of Ag
increased (Fig. S2). Ag@Au coreeshell particles have also been
prepared for comparison. The Au seed particles were smaller in this
case (Fig. S3), to keep the size of the coreeshell NPs similar to their
alloyed counterparts. TEM images of the coreeshell NPs revealed
an average size of 29.2± 4.2 nm (Fig. S3).
The crystal structure of the AueAg NPs was determined by XRD
(Fig. S4). The AueAg NPs exhibited similar patterns, since gold and
silver have almost the same lattice constant [35]. The peaks
observed at 2q¼ 38.2, 44.4, 64.71, and 77.7 can be assigned to
the diffraction of the (111), (200), (220), and (311) planes from the
fcc structure of gold and silver [36]. As noted on the XRD patterns,Fig. 1. (A, B) TEM images of Au80Ag20 NPs.the peak broadening gradually decreased with increasing Ag con-
tent in the alloy NPs, indicating the size of the crystalline domains
increase. This observation was further conﬁrmed by TEM images
(Figs. 1 and S2). The bulk composition of AueAg bimetallic NPs was
analyzed by EDX. The atomic ratios are consistent with the nominal
values (Table 1).
UVevis spectroscopy was employed to characterize the optical
properties of AueAg bimetallic NPs, thus proving the alloy forma-
tion. The monometallic NPs exhibit absorption bands at 520 nm
and 413 nm, which are consistent with the characteristic surface
plasmon resonance (SPR) bands of Au and Ag, respectively (Fig. 2A)
[35]. UVevis spectra of the AueAg alloy NPs show only one ab-
sorption band for each of the bimetallic composition, located in
between the SPR band positions of Au and Ag NPs (Fig. 2A). As the
Au content increased in the NPs, their SPR red-shifted in a linear
fashionwith the composition (Fig. 2B). This indicates the formation
of homogeneous AueAg alloys [35]. The absorption spectra of
Ag@Au coreeshell NPs showed an absorption band with a
maximum at 408 nm (Fig. 2C), which corresponds to the SPR band
of pure Ag NPs. Notably, at low Ag content, a weak band (shoulder)
appeared at ~490e520 nm. This may be attributed to the irregular
formation of Ag shell around the Au core, while at higher Ag con-
centration, the shoulder vanished (Fig. 2C). These observations
suggest the formation of a thicker and uniform Ag shell.
The electrochemical CO2 reduction performance of AueAg NPs
was ﬁrst investigated by linear sweep voltammetry (LSV), to
identify the potential region of the reduction process. The onset
potential in the CO2-saturated 0.1MNaHCO3 was less negative than
that in N2-saturated Na2SO4 (E¼0.38 V in CO2 and 0.62 V in N2
vs. RHE, see Fig. 3A and Fig. S6). This indicates that an additional
process occurs at less negative potential in the CO2-saturated
electrolyte, which is catalytically favored over the HER. Addition-
ally, it competes with the CO2 reduction and in N2-saturated elec-
trolyte, only the HER takes place [36,37]. There was a monotonous
shift in the onset potentials in the series of samples, which spans
though a 300mV range (Fig. 3B). To gain further insights into the
mechanistic pathway of CO2 reduction to CO on the Au60Ag40(C) Size distribution of Au80Ag20 NPs.
Fig. 2. (A) UVevis absorption spectra of Au, Ag, and AueAg alloy NPs with different compositions. (B) LSPR band maximum as a function of the Au content in the bimetallic NPs. The
photograph in the inset shows the color change with the composition. (C) Normalized UVevis absorption spectra of Ag@Au coreeshell NPs. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig. 3. (A) LSV proﬁles of Au60Ag40 catalyst in CO2-saturated 0.1M NaHCO3 (pH¼ 6.62) and N2-saturated 0.1M Na2SO4 (pH¼ 6.88), scan rate¼ 5mV s1. (B) LSV proﬁles of AueAg
alloys with different compositions in CO2-saturated 0.1M NaHCO3 (pH¼ 6.62), scan rate 5mV s1. (C)Tafel plot of the partial current density for CO on Au60Ag40 catalyst. The loading
was 0.53mg cm2 in all cases.
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tentials and a Tafel plot of the CO partial current density was con-
structed (Fig. 3C). A Tafel slope of 168mV dec1 was obtained for
Au60Ag40 catalyst in the low overpotential (kinetically controlled)
regime, which indicates that the rate-determining step is the ﬁrst
electron transfer to CO2 to form an adsorbed CO2 ̶ [38]. Previous
studies on polycrystalline Au and Ag electrodes in CO2 saturated
bicarbonate solution yielded Tafel slopes of 114 and 140mV dec1
for polycrystalline Au and Ag electrodes, respectively which is
similar to the value obtained for the alloyed sample in this study
[15,39]
The currents during the CO2 electrolysis on the AueAg electro-
catalysts were stable over the time at all applied potentials (see SI
Fig. S7). Pure Ag showed the lowest total current density, while it
increased with the Au content for the alloys up to the point where
Au60Ag40 exhibited the highest value (Fig. 4A). Furthermore,
alloying resulted in a noticeable improvement in the stability at
higher overpotentials. The major products were CO and H2 in all
cases, with some minor traces of formate. The FE values of CO and
H2, are shown as a function of the composition in Fig. 4B. The
highest FECO of ~80% was observed at the monometallic Au NPs. For
AueAg alloys, the conversion of CO2 to CO improved with
increasing Au content, while the FE of H2 evolution simultaneously
decreased. This indicates that the CO:H2 ratio can be tuned by
controlling the composition of the catalyst particles.
As the next step, we studied the effect of the overpotential on
the product distribution. Pure Au produced mostly CO (FE 70%)
even at less negative potentials, although with decreasing FE(Fig. 5A). Interestingly, for the AueAg alloys the product distribu-
tion showed very little dependence from the potential. The FECO
stabilized between 55% and 60% at all applied potentials for
Au60Ag40 catalyst (Fig. 5B). On pure Ag, CO is produced with 16% FE
at 0.6 V vs. RHE, which increased to 68.5% at more negative po-
tential (1.0 V vs. RHE) (Fig. 5C). [40]
Partial current densities for CO and H2 formationwere plotted as
a function of applied potential (Fig. 6) to further analyze the activity
of the different catalysts. CO partial current densities (jCO) gradually
increased with increasing overpotentials. The trend for pure Au
generally mirrors that of Au80Ag20 and Au60Ag40 at less negative
potentials. In addition, the observed trends for jCO followed the
increase of Au incorporation up to 0.9 V vs. RHE, and then jCO
decreased for some alloys where FECO dropped off with further
increasing overpotential (Fig. S8). This observation conﬁrms that at
more Au-rich alloys, the rates for CO formation are higher. Impor-
tantly, the H2 partial current densities (jH2) were always higher for
the alloyed samples, compared to the parent metals (Fig. 6B). In
addition, only very little composition dependence was seen in the
HER currents.
To gain further insight on the factors behind the effect of
composition on the electrocatalytic activity, we investigated the
change of the electronic properties and correlated the electronic
effects with the trends observed in the FE for CO and H2. For
transition metals, the interaction between the d-states (that are
close to the Fermi level, EF) and the intermediates of the CO2RR
determines the binding strength [25]. The higher the energy of d-
states is, the stronger the interaction with the adsorbed species
Fig. 4. (A) Total current density for Au, Ag and AueAg alloy NPs as a function of applied potential. (B) Faradaic efﬁciency of CO and H2 formation on AueAg alloy NPs with different
compositions at̶ 0.7 V vs. RHE.
Fig. 5. Faradaic efﬁciency of CO and H2 on (A) Au, (B) Au60Ag40, and (C) Ag NPs as a function of applied potential.
Fig. 6. Electrochemical CO2 reduction performance of AueAg alloys with different compositions. Partial current densities for (A) CO and (B) H2 as a function of the applied potential.
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measurements were employed on AueAg alloys to determine the
absolute work function (WF) (Fig. S9) [41]. TheWF is deﬁned as the
minimum energy necessary to remove an electron from the EF to
the vacuum level (EVAC). The electrons (d-electrons for transition
metals) closest in energy to EVAC are those at the EF, thus in a metal,
EF marks the boundary between occupied and unoccupied states ina continuum of states [42]. The position of EF of AueAg alloy NPs
was determined, and plotted versus the composition in Fig. 7A. The
WF of pure Au and Ag NPs were 4.82 eV and 4.63 eV, respectively
(Fig. 7B), which is consistent with the reported values [41]. The EF of
AueAg alloys shifts downwards with increasing Au content, and
hence weakening the binding strength of intermediates on the
surface (note however that we don't have experimentally
Fig. 7. Electronic properties of AueAg alloys. (A) Position of Fermi level of AueAg alloys as a function of Ag content. (B) Work function of Au e Ag alloys versus Ag content (left axis)
and CO partial current density versus Ag content (right axis). (C) Work function of AueAg alloys versus Ag content (left axis) and H2 partial current density versus Ag content (right
axis).
Fig. 8. Comparison of CO2 reduction activity of Ag@Au coreeshell with that of Au20Ag80 alloy NPs. Total current density vs time for (A) Ag@Au coreeshell, and (B) Au20Ag80 alloy
NPs. Faradaic efﬁciency for CO production vs applied potential on (C) Ag@Au coreeshell, and (D) Au20Ag80 alloy NPs.
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of the linear trend, most likely because of differences in the surface
oxide formation.
Based on the observed trend in the WF, the binding energy of
*COOH and *CO on AueAg alloy surfaces might also decrease as the
Au content increases, which facilitates the desorption of CO and
resulting in the gradually increased CO2 reduction activity to CO
(Fig. 7B). The highest WF (the most down shifted EF) was detected
for pure Au NPs. Au is generally considered to have an optimal
binding strength [43], which in turn results in the highest catalytic
activity for CO2 reduction to CO.What is equally important, the HER
activity was almost independent of the composition (Fig. 7C). The
Ag@Au coreshell catalyst produced CO with a FE of 68.7%, versus45.0% for alloy (Au20Ag80) NPs with the same bulk composition
(Table 1), at 0.7 V vs. RHE (see Fig. 8). Having a careful look at the
partial current densities (Fig. 8), one can see for the Ag@Au sam-
ples, we obtained similar current densities to what would be ex-
pected for pure Ag from Fig. 7. This is not surprising, considering
that the shell is Ag in this case, and the atomic arrangement at the
active site (the geometric effect) [5,25,27] can also affect the cata-
lytic performance.
4. Conclusions
In summary, we synthesized bimetallic alloyed AueAg NPs with
different compositions yet uniform morphology. The electronic
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bimetallic composition, while keeping other structural parameters
ﬁxed. We have shown that the Fermi level shifts downwards line-
arly with increasing Au content, which likely resulted in the
decrease of the binding strength of *COOH and *CO intermediates.
Variation of the electrocatalytic properties followed the same
pattern, conﬁrming that the work function of the electrocatalyst is
an important factor in the CO2RR. Careful comparative experiments
carried out on AueAg alloy and coreeshell NPs (with similar bulk
composition), as well as with pure Ag and Ag@Au coreeshell NPs
(with similar electronic structure), indicated differences in both the
selectivity and activity. These trends indicate that neither electronic
nor geometric effect alone can determine the electrocatalytic
properties. Instead, both the electronic and geometric effects need
to be considered during the design of the bimetallic catalyst for
selective and efﬁcient CO2 reduction.
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